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BRIEF ON APPEAL 

I. Real Party in Interest 

The real party in interest is International Business Machines Corporation of Armonk, New 
York, which is the assignee of the present invention. 



II. Related Appeals and Interferences 

There are no related appeals or interferences known to Appellant or to Appellant's legal 
representative that will directly affect or be directly affected by or have a bearing on the decision of 
the Board in the present appeal. 
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III. Status of the Claims 

Claims 1-6 and 8 are pending, stand rejected, and are now on appeal. Claims 7 and 9-34 
have been cancelled. 

IV. Status of Amendments 

Appellant has not filed any amendment subsequent to final rejection. 

V. Summary of Claimed Subject Matter 

Appellant's independent claim 1 is directed to a transistor device structure (42). See 
generally Figures 1-8 and page 5, line 4 - page 44, line 7. The transistor device structure (42) is 
formed on a substrate (12) defining a substantially horizontal plane. See, e.g., page 5; lines 13-20; 
Figures 1 and 8; see also page 7, lines 16-18. The transistor device structure (42) comprises a 
source region (10, 38), a drain region (40), a gate electrode (30) disposed on the substrate (12), and 
a plurality of semiconducting nanotubes (14). See, e.g., Figure 8 and page 10, line 21 - page 11, line 
7. The gate electrode (30) is positioned vertically between the source region (10, 38) and the drain 
region (40). See, e.g., page 7, lines 18-19; Figure 8. Each of the semiconducting nanotubes (14) 
includes a first end electrically coupled with the source region (10, 38), a second end electrically 
coupled with the drain region (40), and a channel region extending vertically through the gate 
electrode (30) between the source region (10, 38) and the drain region (40). See, e.g., page 10, line 
21 - page 11, line 5; Figure 8. The gate electrode (30) is configured to receive a control voltage 
effective to regulate current flow through the channel region between the source region (10, 38) and 
the drain region (40). See, e.g., page 5, lines 4-7; page 11, lines 1-5; Figure 8. 

VI. Grounds of Rejection to be Reviewed on Appeal 

1. Claims 1-6 and 8 stand rejected under 35 U.S.C. § 103(a) as being unpatentable over 
U.S. Patent No. 6,556,704 to Choi. 
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VII. Argument 

Appellant respectfully submits that the rejection of claims 1-6 and 8 is not supported on the 
record, and that the rejection should be reversed by the Board. 

1- Claims 1-6 and 8 were improperly rejected under 35 U.S.C. § 103(a) as being tentable 
over U.S. Patent No. 6.566. 704 to Choi et al. 

Claims 1-6 and 8 stand rejected under 35 U.S.C. § 103(a) as being unpatentable over U.S. 
Patent No. 6,566,704 to Choi et al. (hereinafter Choi). 

Based upon the Supreme Court's decision in KSR International Co. v. Teleflex Inc., 127 S. 
Ct. 1727, 1734, 82 USPQ2d 1385, 1391 (2007), a prima facie showing of obviousness still requires 
that the Examiner establish that the differences between a claimed invention and the prior art "are 
such that the subject matter as a whole would have been obvious at the time the invention was made 
to a person having ordinary skill in the art." 35 U.S.C. § 103(a). Such a showing requires that all 
claimed features be disclosed or suggested by the prior art. Four factors generally control an 
obviousness inquiry: 1) the scope and content of the prior art; 2) the differences between the prior art 
and the claims; 3) the level of ordinary skill in the pertinent art; and 4) secondary considerations of 
non-obviousness, such as commercial success of products covered by the patent claims, a long felt 
but unresolved need for the invention, and failed attempts by others to make the invention. KSR, 121 
S. Ct. at 1734 (quoting Graham v. John Deere Company, 383 U.S. 1, 17-18 (1966)) ("While the 
sequence of these questions might be reordered in any particular case, the [Graham] factors continue 
to define the inquiry that controls."). 

Moreover, in KSR, the Court explained that "[ojften, it will be necessary for a court to look 
to interrelated teachings of multiple patents; the effects of demands known to the design community 
or present in the marketplace; and the background knowledge possessed by a person having ordinary 
skill in the art, all in order to determine whether there was an apparent reason to combine the known 
elements in the fashion claimed by the patent at issue" and "[t]o facilitate review, this analysis should 
be made explicit." KSR, 127 S. Ct. at 1740-41 citing In re Kahn, 441 F.3d 977, 988, 78 USPQ2d 
1329, 1336 (Fed. Cir. 2006) ("[Rejections on obviousness grounds cannot be sustained by mere 
conclusory statements; instead, there must be some articulated reasoning with some rational 
undeipinning to support the legal conclusion of obviousness"). But, not eveiy combination is 
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obvious "because inventions in most, if not all, instances rely upon building blocks long since 
uncovered, and claimed discoveries almost of necessity will be combinations of what, in some sense, 
is already known." KSR, 127 S. Ct. at 1741. 

As a result, after KSR, while there is no rigid requirement for an explicit "teaching, 
suggestion or motivation" to combine references, there still must be some evidence of "a reason that 
would have prompted a person of ordinary skill in the relevant field to combine the elements in the 
way the claimed new invention does" in an obviousness determination. KSR, 1 27 S . Ct. at 1 73 1 . 

The Appellant respectfully submits that, in the instant case, the Examiner has failed to 
establish a prima facie case of obviousness as to claims 1-6 and 8, and as such, the rejection based 
upon Choi should be reversed. 

Independent Claim 1 

Claim 1 sets forth "a plurality of semiconducting nanotubes, each of said semiconducting 
nanotubes including a first end electrically coupled with said source region, a second end electrically 
coupled with said drain region". The Examiner contends on page 3 of the May 5, 2010 Office 
Action that Figure 4B of Choi teaches "connecting the plurality of semiconducting nanotubes 100 
with a single drain region 50 and a single source region 40". 

On page 8 of the May 5, 2010 Office Action, the Examiner distinguishes the term 
"electrically coupled", as set forth in claim 1, with the term "physically connected" to attempt to 
validate his contention regarding the device shown in Figure 4B of Choi. In making this distinction, 
the Examiner has interpreted Applicants' claim 1 in an unreasonable manner. 

Although claims can be given a broad interpretation during examination, the Examiner is 
required to stay within certain boundaries. One of those boundaries is that the interpretation must be 
"reasonable". In re Morris, 44 USPQ2d 1023, 1027 (Fed. Cir. 1997). It is clearly not reasonable to 
adopt an inteipretation that is inconsistent with the written specification. In re Baker Hughes, Inc. 
55 USPQ2d, 1 149, 1 153 (Fed. Cir. 2000) ("We therefore conclude that the Board adopted a 
construction of the claim beyond that which was reasonable in light of the totality of the written 
description, and therefore erred in construing the claims to include gaseous hydrocarbons."). 
Moreover, the "reasonable" interpretation must, in the final analysis, be one that comports with how 

-4- 



one of ordinary skill in the art would interpret the claim. In re Bond, 15 USPQ2d 1566, 1567 (Fed. 
Cir. 1 990) ("It is axiomatic that, in proceedings before the PTO, claims in an application are to be 
given their broadest reasonable interpretation consistent with the specification . . . and that claim 
language should be read in light of the specifications as it would be interpreted by one of ordinary 
skill in the art."). 

The Examiner's construction of the claim term "electrically coupled" is unreasonable. As 
understood by a person having ordinary skill in the art, "electrical coupling" reasonably admits to a 
meaning in which a current path between the source and drain pennits a selective current flow 
characteristic of a transistor; otherwise the device would be non- functional. The claim term 
"electrically coupled" is used in claim 1 in a manner that is consistent with Appellant's specification. 
Appellant's specification describes the result of the electrical coupling of each drain contact (40) with 
the nano tubes (14) and each source contact (38) with the same nanotubes (24) is that "[cjarriers flow 
selectively from the catalyst pad 1 0 through the carbon nanotubes 14 to the drain contact 40 when an 
electrical voltage is either (sic) applied via the corresponding gate contact 36 to one of the gate 
electrodes 30 to create a channel in the carbon nanotubes 14 extending therethrough". 

In distinguishing "electrical coupling" from "physical coupling", the Examiner recognizes that 
each nanotube in Figures 1-3 of Choi and each nanotube in Figure 4B of Choi is not "physically 
coupled" with the same source and drain region as any other nanotube. However, the Examiner is 
improperly construing the term "electrical coupling" so broadly as to admit to a meaning that entirely 
eliminates any path for current flow. 

Figures 1-3 of Choi fail to shown a second nanotube that is electrically coupled with the 
source region (40) and drain region (50) to which the depicted nanotube (100) is electrically coupled. 
As explained below, the Examiner is conjecturing that the device structure in Figures 1-3 includes 
multiple nanotubes despite the absence of support in the written description of Choi. 

In connection with Figure 4B, Choi discloses that "a source line and a drain line intersect at 
locations where the carbon nanotubes are grown to form unit cells". See col. 4, lines 55-57. As 
visible in Figure 4B, the drain lines (50) are arranged in parallel lines or stripes and the source lines 
(40) are likewise arranged in parallel lines or stripes that are oriented orthogonal to the stripes 
representing the drain lines (50). Based on this disclosure of a grid pattern for the source lines (40) 
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and drain lines (50), each unit cell visible in Figure 4B is located at the intersection of one of the 
drain lines (50) and one of the source lines (40). In this grid of stripes, each drain line (50) and each 
source line (40) "intersect" at the location of only one of the nanotubes (100) to produce a device 
construction in which no pair of the nanotubes (100) is electrically coupled the same source and the 
same drain. Nanotubes (100) in Figure 4B that are electrically coupled with one of the sources line 
(40) are not also electrically coupled with the same drain line (50). Nanotubes (100) in Figure 4B 
that are electrically coupled with one of the drain lines (50) are not also electrically coupled with the 
same source line (40). Therefore, a person having ordinary skill in the art would not conclude the 
device structure in Figure 4B includes plural nanotubes that are electrically coupled with the same 
source and drain regions. 

Based upon a reasonable claim construction, a person having ordinaiy skill would appreciate 
that the device constructions shown in Choi fail to disclose a plurality of nanotubes that are 
electrically coupled with the same source and drain regions, as set forth in claim 1 . Under the 
framework of the Graham factual inquiries, prima facie obviousness is absent because there is an 
unresolved difference between the subject matter of independent claim 1 and the disclosure in Choi. 
For at least this reason alone, Applicants respectfully request that the Board reverse the rejection. 

The rejection of claim 1 should be reversed for additional reasons. 

The Examiner contends on page 3 of the May 5, 2010 Office Action that "it would have been 
obvious ... in order to use the device in a practical application which requires a plurality of 
semiconducting nanotubes, such as a nano sized transistor". The premise and conclusion of this 
contention are identical. The Examiner's premise is to change the embodiment of the device 
structure in Figures 1-3 of Choi to add plural nanotubes. The conclusion is that the change is 
justified in order to use a device in a practical application that requires plural nanotubes. 
Accordingly, the Examiner's contention would not have been objectively reasonable to a person 
having ordinary skill in the art for making the proposed modification to Choi. 

On page 7 of the May 5, 2010 Office Action, the Examiner for the first time during 
examination asks the Appellant to "provide evidence that practical industrial applications use only a 
single carbon nanotube". The burden is initially on the Examiner to provide an objective line of 
reasoning that all practical industrial applications for nanotubes require multiple nanotubes. 
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Notwithstanding the Examiner's failure to satisfy this burden, Appellant offers U.S. Patent No. 
7,714,386 to Pesetskiet al. and entitled "Carbon Nanotube Field Effect Transistor" as evidence of a 
patented industrial application that uses only a single nanotube. Appellant notes that this represents 
its first opportunity to provide this reference, which is appended in the Appendix of Evidence, as 
rebuttal evidence. 

The Examiner further contends on page 3 of the May 5, 2010 Office Action that "it would 
have been obvious ... in order to simplify the processing steps of making the device and to simplify 
the operation of the device". However, the Examiner fails to link these contentions to explain how 
replacing a single nanotube (100) extending between the source (40) and drain (50) in the structure 
of Figures 1-3 with multiple nanotubes extending between the source (40) and drain (50) would 
either simplify the process for making the device or simplify the device operation. In the absence of 
articulated reasoning, the Examiner fails to provide articulated reasoning with some rational 
underpinning to support the legal conclusion of obviousness. 

For these reasons, a person having ordinaiy skill in the art would not have made the 
Examiner's proposed modification to Choi. Because the Examiner has failed to support a prima 
facie case of obviousness, Appellant respectfully requests that the rejection of independent claim 1 be 
withdrawn. 

With regard to independent claim 1, the Examiner concludes on page 3 of the May 5, 2010 
Office Action that "Choi et al. do not explicitly state in the embodiment of figure 3F a plurality of 
semiconducting nanotubes." To remedy this deficiency, the Examiner contends that Choi teaches "a 
nano sized transistor (see, for example, column 3, lines 39-43)", and that the proposed modification 
to Choi "would have been obvious ... to use a plurality of unit cells of the transistor in Choi et al. 's 
device, such that a plurality of semiconducting nanotubes are present in the device, and to connect 
the plurality of seminconducting nantuopes with a single drain region and a single source region". 

Appellants submit that the generalizations regarding the plural term "carbon nanotubes" made 
at column 3, lines 39-43 of Choi fail to support the Examiner's conclusion that the unit cell shown in 
Figures 1-3 of Choi can be modified to include more than one semiconducting nanotube. The 
statement made in Choi at column 3, lines 39-43 is inconsistent with all other statements found in 
Choi that regard the first embodiment shown in Figures 1-3. At column 3, line 44, Choi refers to "a 
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carbon nanotube 100", which uses the singular indefinite article "a". From column 3, line 45 to 
column 4, line 23, Choi consistently uses the term "the carbon nanotube" to characterize the unit cell 
shown in Figures 1-3. The term "nanotube" is singular, not plural. When describing the fabrication 
process in connection with Figure 3, Choi again refers to the growth of "a carbon nanotube". See 
col. 4, lines 20-22. Only a single nanotube 100 is visible in Figures 1-3 of Choi. Choi discloses that 
"a vertical nano-sized transistor" is completed by the process step of Figure 3D. See col. 4, lines 30- 
32. In the Figure descriptions, Choi describes Figure 1 as showing "a vertical nano-sized transistor 
using carbon nanotubes", Figure 2 as showing a "vertical nano-sized transistor", and Figure 3 as 
showing a method of "manufacturing a vertical nano-sized transistor using carbon nanotubes". 
When these statements considered as a whole, Choi fails to reasonably disclose that the transistor 
shown in Figures 1-3 itself includes a plurality of nanotubes. 

In rebuttal on page 6 of the May 5, 2010 Office Action, the Examiner states that "Choi 
consistently uses the term 'the carbon nanotube', because Choi describes the process of making a 
unit cell, as shown in Figures 1-3. There is no reason for Choi to use the phrase 'carbon nanotubes' 
when describing the process of making a unit cell which comprises only one carbon nanotube. . . . The 
ordinary meaning of the above phrase is that the description of the process of making the unit cell of 
figure 1, which comprises only one carbon nanotube, follows, whereas the final structure of the 
vertical nano-sized transistor comprises plurality of carbon nanotubes". 

At best, the disclosure in Choi is so unclear as to not support the Examiner's position that the 
ordinary meaning of these statements is that the final structure of each of the transistors includes "a 
plurality of carbon nanotubes". To the contrary and for reasons explained above, Appellant 
interprets the disclosure associated with Figures 1-3 of Choi to more reasonably mean that the device 
shown in Figures 1-3 operates as a transistor with its own source and drain independent of any other 
device of similar or identical construction in Choi. Choi does not state that the object shown in 
Figures 1-3 is a "unit cell" cannot be a transistor that includes one nanotube and that each of the 
identical "unit cells" cannot function as a discrete transistor. 

For these additional reasons, a person having ordinary skill in the art would not have made 
the Examiner's proposed modification to Choi. Because the Examiner has failed to support a prima 
facie case of obviousness, Appellant respectfully requests that the Board reverse the rejection. 
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Dependent Claims 4-6 and 8 

Claims 4-6 and 8, which depend from independent claim 1, are also patentable for at least the 
same reasons discussed above and are not separately argued. 

Dependent Claim 2 

Claim 2 sets forth that the source region of the transistor device structure "is composed of a 
catalyst material effective for growing said semiconducting nanotubes". On pages 4-5 of the May 5, 
2010 Office Action, the Examiner characterizes the subject matter of claim 2 as a process limitation 
and disregards the claimed subject matter in his determination of patentability. 

Contrary to the Examiner's characterization, Applicants submit that this language is a 
functional limitation that defines the first, second, and third sections of the semiconductor body "by 
what it does, rather than by what it is". See MPEP 2173.05(g). In this instance, the composition for 
the material forming the source region in that the catalyst material is effective for growing 
semiconductor nanotubes. The latter is a functional limitation contingent on selecting an appropriate 
catalyst material. 

A functional limitation must be evaluated and considered, just like any other limitation of the 
claim, for what it fairly conveys to a person of ordinary skill in the pertinent art in the context in 
which it is used. See 2173.05(g). The Examiner fails to allege in the May 5, 2010 Office Action that 
the material disclosed in Choi for the source region (40) is composed of the claimed catalyst material 
and to support the allegation with statements from the written description of Choi. 

Because the Examiner has failed to support a prima facie case of obviousness, Appellant 
respectfully requests that the Board reverse the rejection. 

Dependent Claim 3 

Claim 3 sets forth that the drain region of the transistor device structure "is composed of a 
catalyst material effective for growing said semiconducting nanotubes". On pages 4-5 of the May 5, 
2010 Office Action, the Examiner characterizes the subject matter of claim 3 as a process limitation 
and disregards the claimed subject matter in his patentability determination. 
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Contrary to the Examiner's characterization, Applicants submit that this language is a 
functional limitation that defines the first, second, and third sections of the semiconductor body "by 
what it does, rather than by what it is". See MPEP 2173.05(g). In this instance, the composition for 
the material forming the source region in that the catalyst material is effective for growing 
semiconductor nanotubes. The latter is a functional limitation contingent on selecting an appropriate 
catalyst material. 

A functional limitation must be evaluated and considered, just like any other limitation of the 
claim, for what it fairly conveys to a person of ordinary skill in the pertinent art in the context in 
which it is used. See 2173.05(g). The Examiner fails to allege in the May 5, 2010 Office Action that 
the material disclosed in Choi for the source region (40) is composed of the claimed catalyst material 
and to support the allegation with statements from the written description of Choi. 

Because the Examiner has failed to support a prima facie case of obviousness, Appellant 
respectfully requests that the Board reverse the rejection. 

VIII. Conclusion 

In conclusion, Appellant respectfully requests that the Board reverse the Examiner's 
rejections of claims 1-6 and 8, and that the application be passed to issue. If there are any questions 
regarding the foregoing, please contact the undersigned. Moreover, if any other charges or credits 
are necessary to complete this communication, please apply them to Deposit Account 23-3000. 

Respectfully submitted, 

WOOD, HERRON & EVANS, L L P. 

Date: October 4. 2010 By: /William R. Allen/ 

William R. Allen, Reg. No. 48,389 

2700 Carew Tower 
441 Vine Street 
Cincinnati, Oi l 45202 
(513) 241-2324 
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APPENDIX OF CLAIMS 

1 . (Previously Presented) A transistor device structure formed on a substrate, the substrate defining 
a substantially horizontal plane, the transistor device structure comprising: 

a source region; 
a drain region; 

a gate electrode disposed on the substrate, said gate electrode positioned vertically between 
said source region and said drain region; and 

a plurality of semiconducting nanotubes, each of said semiconducting nanotubes including a 
first end electrically coupled with said source region, a second end electrically coupled with said 
drain region, and a channel region extending vertically through said gate electrode between said 
source region and said drain region, and said gate electrode configured to receive a control voltage 
effective to regulate current flow through said channel region between said source region and said 
drain region. 

2. (Previously Presented) The transistor device structure of claim 1 wherein said source region is 
composed of a catalyst material effective for growing said semiconducting nanotubes. 

3. (Previously Presented) The transistor device structure of claim 1 wherein said drain region is 
composed of a catalyst material effective for growing said semiconducting nanotubes. 

4. (Previously Presented) The transistor device structure of claim 1 further comprising: 

an insulating layer disposed between said drain region and said gate electrode. 

5. (Previously Presented) The transistor device structure of claim 1 further comprising: 

an insulating layer disposed between said source region and said gate. 
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6. (Previously Presented) The transistor device structure of claim 1 wherein said semiconducting 
nanotubes are composed of arranged carbon atoms. 



7. (Cancelled) 

8. (Previously Presented) The transistor device structure of claim 1 wherein said semiconducting 
nanotubes are oriented substantially perpendicular to said horizontal plane. 

9-34. (Cancelled) 
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APPENDIX OF EVIDENCE 

1)U.S. Patent No. 7,714,386 
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A carbon nanotube field effect transistor includes a substrate, 
a source electrode, a drain electrode and a carbon nanotube. 
The carbon nanotube forms a channel between the source 
electrode and the drain electrode. The carbon nanotube field 
effect transistor also includes a gate dielectric and a gate 
electrode. The gate electrode is separated from the carbon 
nanotube by the gate dielectric, and an input radio frequency 
voltage i-i applied to the gate electrode, 
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TECHNICAL FIELD 

The invention relates 10 transistors, specifically to field 
died ii 11 islo fubrk iti lu ing carbon nanotubes. 

BACKGROUND 

Carbon numnubes (CNTs i are long, thin cylindrical carbon 
molecules with novel properties, making them potentially 
useful in a wide variety of applications (e.g., nano-electron- 
ics. optics, materials applications, etc.). ("NTs are essentially 
iiiftlc heels of graph t 1 i nal lattici f carbon) rolled 
into a cylinder. CNTs range from approximately 0.6 to 5 
nanometers fnm) in diameter, and can be as long as a few 
ccntimctet I'hc I i 1 xtra it ngth md unique 
electrical properties, and are elficienl conductors of heal. 

CNTs have a very broad range of electronic, thermal, and 
structural properties that vary based on the different kinds of 
nanotubes (e.g., defined by its diameter, length, and chirality, 
or twist). They simultaneously have the highest room-tem- 
lobility and saturated electron velocity of any 
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FIG. 2 illustrates a carbon nanoluhe field effect transistor 
using top -gated geometry. 

FIG. 3 illustrates an alternate design for a carbon nanotube 

Id ell 1 i i i n 1 ii 

FIG. 4 illustrates another alternate design for a top-gated 
carbon nanoluhe licid ei'fecl transistor. 

FIG. 5 illustrates another alternate design for a top-gated 
carbon nanotube field effect transistor. 

FIG. 6 is an optica] mici graph t an embodiment of a 
) top-gated carbon nanotube field effect transistor. 

FIG. 7 is a plot of the measured power output over fre- 
quency of the top-gated carbon nanotube field e fleet transis- 
tor shown in FIG. 4. 

FIG. 8 illustrates an electronic band structure for a carbon 
; nanotube. 

FIG. y illustrates an example of a fabrication process for a 
carbon nanotube field effect transistor. 

DETAILED DESCRIPTION 

) 

FIG. 1 shows an embodiment of a carbon nanotube (CNT) 
field effect transistor (FET) 100. The CNT FET 100 incorpo- 
rates a carbon nanotube 140 deposited on a gate dielectric 
layer 130, such as silicon dioxide (Si0 2 ). Ga' 



Conventional field el lee t t> n 1st - I is, are non-linear 
devices. There are two primary sources of non-linearity in 
si i sit i lFi-Ts. Firsl.i 1 ' s have a depletion 

region in the channel which varies in size with applied gate 
voltage. As a result, the gate-source capacitance varies with 3 
voltage, and charge in the channel is a non-linear function of 
gate voltage. Second, the carrier velocity is a non-linear func- 
tion of the electric field. The combination of these two effects 
results in a drain current that is a non-linear function of the 
gate voltage. 3 

Linear amplifiers made with conventional FETs burn a lot 
of power. The standard method of building linear amplifiers 
from conventional FETs is to use a large source-drain bias. 
However, the large source-drain bias can result in a large 
electric field along the length of the channel . As carriers flow 4 
down the channel, they gain sufficient energy to stimulate 
opt tmi V i id sit saturatesand 

becomes nearly independent of the source-drain and gate 
biases. However, the total charge in the channel is still a 
nonlinear function of the gate voltage. The gate bias is then 4 
chosen at a point where the second and or third derivatives of 
the drain current are minimized. This point varies with device 
geometry. This approach minimizes the non-linearity of the 
FET in Unit it maximizes the second ami/or third order inter- 
cepts, but a large source-drain voltage is required and a sig- , 
nificant amount of power is dissipated generating optical 
Phoaons. 

SUMMARY 



A carbon nanotube field effect transistor includes a sub- '- 
strate, a source electrode, a drain electrode and a carbon 
nunoutbe. 1 he carbon nanotube forms a channel between the 
source electrode and the drain electrode. The carbon nano- 
tube field effect 1 1 ii i 1 i tc dielectric and a 
gate electrode. The gate electrode is separated from the car- ' 
bon nanotube by the gate dielectric, and an input radio fre- 
quency volt igc i- ipj lied I itis g ite eles ti ode 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a carbon nanotube field effect transistor 
using back-gated geometry. 
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rial. The source electrode 170 and drain electrode 150 con- 
tacts are grown or deposited on the CN T 140. The CNT FE'F 
100 shown in FIG. 1 is based on a back-galed geometry. 

In operation, a voltage is applied across the source elec- 
trode 170 and the drain electrode 150. As a result, current 
flows from, forexample, Ihe source electrode 170 to the drain 
electrode 150 via the CNT 140. A voltage applied to the gate 
electrode 120 modulates the current flowing in the CNT 140. 
The back-gated CNT FET 100 configuration, formed by 
growing a nanotube 140 on oxidized, high conductivity 
wafers 130 and 120 (e.g.. comprising Si j. works well at direct 
current (DC) and at frequencies below 250 MHz. In a con- 
figuration of CNT FET 100, in which a conducting substrate 
(e.g., Si) acts as the gate 120, FET performance is limited due 
to large gate-source and gate-drain capacitances. The large 
parasitic capacitance between source 170 and gate 120 or 
drain 150 and gate 120 may limit the speed of the CNT FET 
100. 

FIG. 2 shows an embodiment of a high-speed CNT FET 
200 incorporating a CNl'240 deposited on substrate 210. 'The 
substrate 210 may be an insulating substrate, such as quartz 
(Si0 2 ), or the substrate 2 1 1) may be a conducting substrate, 
such as Si. The substrate 210 may include materials with low 
RF losses such as sapphire (A1 2 0 3 ), Galium Arsenide 
(GaAs), Silicon Carbide (SiC), high resistivity Si, alumina 
(AlOJ, glass, beryllia (BeO), titanium oxide (Ti02), ferrite, 
Teflon (a registered trademark of DuPont) (polytetraikioro- 
ethylene), ceramic, plastic or any combination thereof. The 
source electrode 270 and drain electrode 250 are grown or 
deposited on the substrate 210. As shown, the source elec- 
trode 270 and drain electrode 250 are deposited on the sub- 
strate 2 1 (I so as to make contact with the ( '.NT 240. ihe CNT 
240 acts as a chan II he source electrode 270 and 

drain electrode 250, through which current flows. CNT FET 
200 may use a single carbon nanotube molecule to form the 
channel between the source electrode 270 and drain electrode 
250. CNT FET 200 may include one or more additional CNT 
molecules next to (e.g., side by side) CNT 240. The additional 
CNTs may be deposited on substrate 210 in any configura- 
tion, sucliasinparallel, stacked, crisscrossed, mterweaved or 
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any other conligiiinlion. i I'm plurality ol'( 'NTs arc deposited, 
these may or ma) i 1 i i il e ita th ie another. Depos- 
iting a plurality of CNTs 240 on substrate 21 0 will result in a 
wider channel between the source electrode 270 and drain 
electrode 250, causing, for example, a larger omput current. ' 
increasing Ihe Inn i i 1 >t the dc ce. 

A gate dielectric 260 is deposited on CNT 240 (or addi- 
tional CNTs). The gate dielectric 260 may also extend over 
the source 270 and the drain 250, as shown, or the gate 
dielectric 260 may only cover aportion of the CNT 240 in the 1 
region under the gate electrode 280. A gate 280 is deposited 
on the gate dielectric 260 above the CNT 240, as shown. The 
gate 280 may he deposited over all or a portion of the CNT 
240. The gate 280 may extend over a small portion of the 
source electrode 270 or the drain electrode 250, but this will 1 
lead to reduced device performance. The CNT FRT 200 
shown in FIG. 2 is based on a top -gated geometry. 

The gate dielectric 260 may comprise a plurality of mate- 
rials, such as Titanium Oxide (Ti0 2 ), Hafnium Oxide or 2 
Hafnia (Hf0 2 ), Zirconium Oxide (Zr0 2 ), Barium Strontium 
Titanate (BaSrTiO,), Aluminum Oxide or Alumina (AlOJ, 
Tantalum Oxide (Ta 2 O s ), Aluminum Nitride (A1N), Silicon 
Nitride (Si-N,). Silicon Oxide (SiO v ) and/or combinations 
thereof. In one embodiment, the gate dielectric 260 may be 
100 am thick, or may range between i run and 600 nm in 
thickness. 'Ihe gale dielectric 260 may comprise a high K 
(dielectric constant) dielectric material. For example k for 
gate dielectric 260 n i bej i a ( i than or equal to 15. ormay 
range from 4 to 300. Thehigh-K dielectric gate oxides, suchas , 
Ti0 21 Hf0 2 , Zr0 2 , Ta 2 O s , and BaSrTi0 3 , may be used to 
increase the device transconductance. Lower k dielectrics 
(e.g., where k is less than 15) may also be used. The thickness 
of the gate dielectric 260 can be varied (e.g., increased or 
decreased) to change, for example the dielectric characteris- 3 
tics of the device. For example, ha lower k dielectric is used, 
the thickness of the lower K dielectric can be increased to 
change the characteristics of the device. 

The top-gated geometry of CNT FBT, such as CNT FET 
200 showninFIO. 2, can operate at high speeds. For example, 4 
CNT FET 200 can operate in the radio frequency (RF), micro- 
wave frequency, or irnllimeler-wave (nim-wave) ranges, and 
exhibits improved performance over conventional FETs. 
CNT FET 200 exhibits frequency independent performance 
for frequencies as high as 23 till/. Calculations show that ., 
CNT FET 200 can operate at speeds in excess of 6 THz. 

Ihe top-gated device geometry of CNT FET 200 mini- 
mizes the gate-source and gate-drain capacitances, and maxi- 
mizes the operating speed. In one embodiment, the ('NT FET 
200 is fabricated by growing single-\ tiled i arbon nanotubes 5 
on a substrate, such as quartz, using, for example, the chemi- 
cal vapor deposition (CVD) technique. CVD may be used to 
deposit, for example, a 1.2 nm diameter nanotube(s) on RF 
compatible quartz substrates, which provide minimal losses 
at microwave frequencies. Source and drain contacts can be 5 
formed from, for example, a titanium/gold metal bi-layer, 
using a standard optical lithography lilt-oil' process. Other 
possible contact metals include but are not limited to tungsten 
(W), titanium (Ti), platinum (Pt), gold (Au), silver (Ag), 
molybdenum (Mo), nickel (Ni), palladium (Pd), rhodium 6 
(Rh), niobium (Ni), aluminum (Al) and/or combinations 
thereof. The overall channel length of a CNT FET can be 
approximately 5 jam, with the gate covering about 1 |im.A220 
nm thick Si 3 N 4 gate dielectric can be sputtered prior to the 
deposition of a niobium/aluminum gate electrode. The CNT 
FET device fabricated using (he foregoing process produces 
an n-type depletion-mode CNT transistor. 



In an embodiment, an input RF voltage (VT) is applied In 
the gate elect rode 280. A DC current is applied to the channel 
formed by CNT 240. The application of the RF voltage pro- 
duces an output RF voltage (V^) between the source elec- 
trode 270 and the drain electrode 250. The top-gated CNT 
FET 200 configuration, formed by growing a nanotube 240 
on an insulating substrate 210, works well at high frequen- 
cies. Thus, as the frequency of the RF input voltage, VT, is 
increased, the CNT FET 200 maintains its performance, and 
provides a constant output, in some cases, up to frequencies of 
fi TH/.. The configuration of CNT FET 200 minimizes the 
parasitic capacitance and conductive losses at high I'requen- 
ks it us ^ mi.' 1 i. s in it - 2"0 2*0 

and the gate electrode (280) have no overlap, this results in 
parasitic capacitance that is reduced by several orders of 
magnitude. Use of insulating substrates, such as quartz, sub- 
stantially reduces these h 
wave frequency ranges. In addition, < 
potentially less expensive and more readily available than 
other RF compatible substrates. 

FIG. 3 shows a top-gated CNT FET 300 fabricated in an 
inverted configuration. In an embodiment, the CNT FET 300 
may provide identical or comparable performance as the 
CNT FET 200, shown in FIG. 2. In the configuration of CNT 
FET 300, a gate electrode 380 is first deposited on a substrate 
310, such as quartz. The substrate 31 0 may be made from any 
of the RF compatible i naterials listed above. A gate dielectric 
360 may be deposited only on the gate 380, on the gate 380 
and a portion of the substrate 3 1 0. or on the gate 380 and the 
entire substrate 3 1 0 (as shown). A CNT 340 (or a plurality of 
CNTs) is then grown or deposited on the gale dielectric 360 
across the gate 380. Source 370 and drain 350 contacts are 
deposited on the ends of the CNT 340 . In operation, the CNT 
FET 300 provides constant performance at increased fre- 
quencies, and losses remain constant as frequency is 
increased (e.g., in the microwave and mm-wave input fre- 
quency ranges. 

FIG. 4 illustrates a CNT FET 400 in accordance with a 
variation of the top -gated geometry. In top-gated CNT FET 
400, two separate gates 480 and 485 are used. Gate 480 lies 
above CNT 440 and gate 485 lies below CNT 440. Bothgates 
480 and 485 are separated from the CNT 440 by a gate 
dielectric 460. The dielectric 460, above and below the CNT 
440, may be single dielectric or may be two separate dielec- 
trics. The dielectrics may or may not be electrically coupled. 
The two gates 480 and 485 may or may not be electrically 
coupled. Electrical coupling may be physical coup I tng (direct 

intact ), capacitivc c up ling mil rniag ctic coupling lithe 
gates 480 and 485 are not coupled, the gates 480 and 485 may 
provide anAND gate, beused as a mixer or eliminate the need 
for chemical doping of the CNT 440. CNT FET 400 includes 
source 470, drain 450 and substrate 490. 'Ihe various compo- 
nents of CNT FET 400, such as the substrate 490, gate 480, 
gate 485, gate dielectric 485, source 470, drain 450 and CNT 
440, may be made from the various materials, processes, and 
in various sizes as described with respect to CNT FETs above. 
The CNT FET 400 may provide identical or comparable 
performance as the CNT FETs describedherein. In operation, 
the CNT FET 400 may provide constant performance at 
increased frcqut icif lid 1 es remain c >nst nt is fre- 
quency is increased (e.g., in the microwave and nun-wave 
input frequency ranges. 

FIG. 5 illustrates a CNT FET 500 in accordance with 
another variation of the top-gated geometry. In top-gated 
CNT FET 500. the gate 580 surrounds the CNT 540 but is 
separated from CNT 540 by a gate dielectric 560, as shown. 
CNT FET 500 includes source 570, drain 550 and substrate 
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590. The various components of CNT FRT 500, such as 600 as the input frequency is increased. Graph 700 illustrates 

i i • h itc 580 i el 1111 urce 570, drain that top-gated CNT FETs are capable o (operating hi I rev)uon- 

550 and CNT 540, may be made from the various materials, cies up to 23 GHz. Because o f technical challenges involved 

processes, and in various sizes as described with respect to in measuring a device with such a low transconductance, the 

CNT FETs herein. The CNT FET 500 may provide identical s device was configured as a mixer and the output signal was 

or comparable performance as the CNT FETs described measured al 10 kHz. As can be seen in FIG. 7, the peril) r- 

herein. In operation, the CNT FET 500 may provide constant mance of the CNT FETs, as described herein, does not 

performance ai increased frequencies, and losses remain con- degrade as the frequency increases lo 23 GHz. The 23 GHz 

stant as frequency is increased (e.g., in the microwave and limit is not a limit of the useful frequency range of the device, 

mm- wave input frequency ranges. in but rater a limitation of the measurement apparatus Used to 

In the various lop-galed CNT FET geometries discussed measure the device. Calculations further show that the output 

herein, the high speed operation may be achieved by separat- performance of CNT FET 600 is constant up to 1 50 GFIz. 

ing the gatefs), such as gate 280. 380, 480 and 485, or 580. In m embodiment I the t \ I 11 U - describe Ih urn 

away Jr. mi both its respective source, such as source 270, 370, the transconductance of the device can be improved by mak- 

470, or 570, and respective drain, such as drain 250, 350, 450, is ing the channel length small compared to the mean free path 

or 550, to minimize the parasitic capacitance. ofcarriers in the CNT. typically about 700 Jim. Thts mean free 

The various top-gated CNT FET designs described herein pathof the carriers in the CNT is determined by the scattering 
(e.g., CNT FETs 100-500) may include additional metal, of acoustic phonons. If the channel is made sufficiently short, 
insulating, and/or semi-conducting layers deposited above or the carriers can not scatter acoustic phonons and will travel 
below the CNT FET to form other electronic structures such 20 b illisl I I i iree to drain (or from drain to source) . 
as but not limited to resistors, capacitors, diodes, or inductors. When ballistic transpi in occurs, no energy is lost during the 
In addition, the substrate for the CNT FET could be replaced transit from source to drain (or drain to source) and the 
with an integrated circuit manufactured from a different IC transconductance is increased, resulting in constant perfor- 
technology such as Silicon (Si), Galium Arsenide (GaAs), mance by the CNT FET at increased frequencies. 
Silicon Germanium (SiGe), Silicon Carbide (SiC), Galium 25 The CNT FET, as described herein, may exhibit highly 
Nitride (CiaN ) orotliennulerials, or combination thereof. 1 or linear characteristics due to the configurations of the CNT 
example, the substrate 210 for CNT FET 200 may be a GaAs FET, the size of the various CNT FET components, the mate- 
substrate on which GaAs Metal-Semiconductor Field Effect rials used to manufacture the CNT FET and/or the bias volt- 
Transistors (MESFET) havebeen fabricated, and to which the ages applied to the circuits. The CNT FET may exhibit device 
CNT FET 200 is electrically connected. This configuration 30 characteristics of highly linear devices. When configured as 
could be applied to any of the CNT FETs 200-500, and could described, the linearity of the device becomes independent of 
also be applied to CNT FET 100. the bias conditions over alarge range of source-drain voltages 

As described above, the process for fabricating a CNT and gate voltages, 'lb achieve these highly linear results: the 

FET, such as CNT FETs 200-500, may include the features drain-source bias of the CNT FET is sufficiently small, the 

designed to maximize the operating frequency. For example, 35 contacts are ohmic and/orthe gate dielectric has a sufficiently 

the CNT FET devices maybe grown on insulating substrates high dielectric constant. If these conditions are met, the CNT 

to minimize losses; the top-gated geometry may be chosen to FET may operate in a non-standard mode in which the 

minimize parasitic capacitance; and a thin, high-K gate transconductance of the device is nearly independent of the 

dielectric may be chosen to maximize the device transcon- gate and source-drain bias voltages, resulting in very high 

ductance. 40 linearity. 

The carrier mobility in semi-conducting ('NTs can exceed Because carbon naiiotubes tire only a lew nanometers in 

100,000 cm 2 V-s at room temperature. An estimate of the diameter and a typical CN F FET is only a few um long, the 

cutoff frequency, f ; , for a high-speed FET is given by the ratio electronic states in a CNT do not form a band structure like 

of the transconductance, g,„, to the gate-source capacitance that found in other semiconductors such as Si. In the direction 

C gs . Thus, f r =g m /2jtC SJ . Theoretically, the maximum 45 parallel to the nanotube axis (i.e., the channel length), the 

transconductance for a nanolubcdcvice is 1 55 inicro-sicrneus electronic states almost forma band in which each state is 

(pS). The highest reported irntisconductance for nanotube separated by an energy of about 4 me V. However, in direc- 

devices is currently an order of magnitude lower, about 20 uS, tions perpendicular to nanotube .axis (i.e., the channel width) 

for back-gated nanotube FETs. Top-gated FETs may have a the electronic states are discrete states similar to tho.se found 

higher transconductance. The gate-source capacitance, C gs is 50 in a single molecule with energy differences of several hun- 

about 3 aF for a 100 mi) gate length. Using the lower estimate dred meV. As a result, at low energy scales, the CNT may 

of g,„ 20 uS. the cutoff frequency for a CN f IT f is about 1 behave as a one-dimensional conductor. 

Til/. Thus, based on this calculation, FETs such as CN'l The performance characteristics of a CNT FET may be 

FETs 200-500 will be useful in high frequency RF, micro- improved by controlling the drain-source bias voltage. At 

wave, and mm-wave systems. 55 high drain-source bias voltages, the velocity of the carriers in 

FIG. 6 shows is a optical micrograph 600 of an embodi- the channel, (e.g., channel 140, 240, 340, 440 or 540), is 

ment of the top-gated CNT FET 200 [also referred to as CN'l determined by the saturated velocity that results from optical 

FET 600). The CNT FET 600 shown was fabricated by grow- phonon emission. When the drain-source voltage is above a 

ing a single CNT on a quartz substrate. Titanium ('l'i).'Gold critical value, typically about 160 mV, the earners traveling 

(Au) source and drain electrodes were deposited on the CNT 60 down the channel have, with high probability, sufficient 

witha5ruiigaptofoniia5pmcliamiel.A220nnithickSi 3 N 4 energy to generate an optical phonon. When the optical 

gate dielectric was deposited on the nanotube. A .1 pm wide phonon is created, the energy of the carrier is decreased by a 

gatemadeofAluminum(Al)/Niobium(Nb)wasdepositedon fixed amount, typically about 160 meV. Thus, the carrier 

the gate dielectric above the CNT. The device thus fabricated velocity is reduced by the phonon emission. If the energy of 

was found to be ann-type depletion mode device. 65 the carrier is still above the critical value, additional optical 

FIG. 7 is a graph 700 showing the measured output power phonons will he created until the energy drops below the 

(dBVrms) generated from the top-gated high speed CNT FET critical value. For low source-dram voltages, the carrier 
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veil icily will be determined by theelectronicbandi 
flie CNT. At high source-drain bias voltages, the carrier veloc- 
ity will saturate as a result of optical phonon emission. Thus, 
biasing the voltage across drain (e.g., 150, 250, 350, 450 or 
550) and source (e.g., 170, 270, 370, 470 or 570) below the 
cri tical vol tageat which optical phonons are created improves 
both the transconductance and linearity of the device. 

In an embodiment, Ohmic contacts may be provided to the 
source electrode and drain electrode of the CNT FET. The 
Ohmic contacts on the CNT FET may be sputtered, evapo- 
rated or deposited metal pads that are patterned using photo- 
lithography or other techniques. Ohmic contacts arc created 
by using a metal with a work function similar to the work 
function of the carbon nanotube. Metals such as palladium or 
rhodium may be used for the Ohmic contacts. Contacts may 
also be formed using an alloy made of one or more metals 
with a high work function and one or more metals with a low 
work function mixed in the proper ratio to produce an alloy 
with a work function similar to that of the carbon nanotube. 
When the work function ofthe metal contact differs from that 
of the carbon nanotube, a Schottky barrier is formed. Carriers 
entering or leaving the nanotube must cross this barrier and 
lose energy in the process. When a metal with the proper work 
function is cln sen, i u 1 i ei ts, i.c the contact 

is Ohmic, and the carrier velocity is determined by the band 
structure of the carbon nanotube. Olumc contacts will thus 
improve the tran c ndi.iclance md line it fillet N 1 

Additional performance improvements of the CNT FET 
may be achieved by decreasing the thickness ofthe gate 
dielectric, or by increasing the dielectric constant, K, of gate 
dielectric. As described below, increasing the gate-channel 
capacitance of a CNT FET may result in the charge in the 
CNT channel being determined by the CNT band structure 
which may improve the linearity and transconductance. 
Dielectric materials such as Ta 2 O s , Zr0 2 , HfO,, Ti0 2 , BaS- 
iTiOi or other high-K dielectric material may be used. As used 
herein, the definition of high-ic is dependent upon the thick- 
ness ofthe dielectric. For example, high-K is ic greater than 4 
for dielectrics less than 3 nm thick, K greater than 7 for 
dielectrics between 3 mn and 30 nm thick, and k greater than 
1 5 for dielectrics over 15 nm thick. Using a high-K dielectric 
of appropriate thickness can achieve improved performance. 

Biasing the gate of a CNT FET adds charge to the channel 
which increases the energy ofthe system in. two ways, hirst, 
energy is stored in the electric field in the gate dielectric ofthe 
CNT FET. This is the ordinary electrostatic capacitor formed 
between the gate and channel. Second, the addition of charge 
to the channel increases the Fermi energy ofthe carriers in the 
channel. In ordinary two and three dimensional devices, the 
density of state is so high th t I t in tl e Fermi energy 
involved in adding an additional charge is negligible, typi- 
cally less than 100 peV. However, in the CNT FET, as 
described herein, the electronic states may be spread apart 
and the addition of a single charge can significantly increase 
the Fermi energy, typically about 4 meV. If the energy in the 
electric field can be made sufficiently small, the amount of 
charge in the channel will be determined by the electronic 
band structure. Since the energy in the electric field is q 2 /2C, 
this energy is minimized by making the capacitance, C, large. 
Typically, the capacitance is made large by making the gate 
dielectric thin. Thinning the gate dielectric ofthe CNT FET 
will increase the gate-channel capacitance, but, since the 
CNT lias such a small diameter, typically about I nm, chang- 
ing the dielectric thickness has a small effect on the total 
capacitance. However, the capacitance is directly propor- 
tional to the dielectric constant , k. Thus using a high-K dielec- 
tric will increase the gate-channel capacitance and minimize 



the energy in the electric field. As a result, the charge in the 
channel will be determined by the band structure ofthe CNT 
rather than the electrostatic capacitance, increasing transcon- 
ductance ofthe device and in i ving ice linearity. 

FIG. 8 is an illustration ofthe band structure of a CNT, 
which shows the energy of an electronic slate versus its 
momentum inthedirectionof the axis ofthe CNT. The circles 
represent the individual electron states, with open circles 
corresponding to conduction states 820 and filled circles cor- 
responding to valence states 810. The difference in energy of 
the lowest conduction state and highest valence state is the 
band gap 830, typically several hundred meV. Although the 
individual electron states are separated in energy by about 4 
meV, they follow a well defined energy-momenta curve, 
known as a dispersion relation 870, indicated by the lines. 
There are several different dispersion relations 870. corre- 
sponding to different momentum in directions perpendicular 
to the axis ofthe CNT. The dispersion relation curves 870 
with zero transverse momentum, i.e. the curves closest to the 
band gap, correspond to the first sub-band 840. Those with the 

ond sub-band 850. Typically individual sub-bands are sepa- 
rated by a couple hundred meV. 

When a CNT FET is fabricated with ohmic source contacts 
and drain contacts, and is operated with a sufficiently small 
source-drain bias voltage, the velocity of the carriers (elec- 
trons or holes) will be determined by dispersion relation 870. 
Under these circumstances, the carrier velocity will be pro- 
portional to the slope of the dispersion curve 870. When a 
CNT FET is manufactured with a thin, high-K gate dielectric, 
the number of carriers in the cltatmel will be determined by 
the dispersion relation 870. Under these circumstances, the 
number of carriers will be inversely proportional to the slope 
ofthe dispersion curve 870. The total current in the CNT is the 
number of carriers times the velocity ofthe carriers. When 
these listed conditions arc met simultaneously, the channel 
current will be independent of the slope of the dispersion 
curve. The transconductance will thus be independent ofthe 
bias conditions, and the device will he highly linear. 

To achieve the high linearity discussed above, it is not 
necessary that the channel be made from a CNT. Other semi- 
conductor materials including but not limited to Si, Germa- 
nittm (Ge), SiGe, GaAs, GaN, SiC, Boron Nitride (BN), 
Indium Arsenide (InAs) and/or Indium Phosphide (InP) can 
be used so long as the separation ofthe individual sub-bands 
is large relative to the available thermal energy. Since the 
available thermal energy is typically on the order of 25 meV 
at room temperature, meeting this criterion requires that the 
channel be no more than 3 in it wide fin tite direction perpen- 
dicular to current flow). 

One or more CNT FETs, as described herein, can be used 
in electronic devices, such as diodes and transistors in both 
analog and digital circuitry, in hi gli speed circuits and/or used 
in high-radiation environments that operate in a high-radia- 
tion environment. High-radiation environments provide sig- 
nificant risks to ciix nitty, and pose interesting circuit design 
challenges. One risk is total dose effects, which occurs when 
ionizing radiation produces trapped charge in the gate and 
field oxides. The charge trapped in the gate oxide can shift the 
threshold ofthe device, while the charge trapped in the field 
oxide can result in leakage currents between devices or 
between the device and substrate, i liesc total dose effects, if 
significant, can render the device useless. Another risk is the 
displacement damage that occurs when high energy particles 
such as protons or neutrons displace atoms from within the 
channel of the FET, such as a Si FET. Since Si FETs are 
majority carrier devices, displacement damage usual])' 
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i % IK n i ii In i i 1 i ii i i v i\ ITT however any other fabrication process 

tional risks to electronic circuitry can be created by current can be used to fabricate the various CNT FETs as described 

transients and latch-up, caused by highly ionizing radiation herein. 

such as cosmic rays or heavy ions. Current transients occur The terms and descriptions used herein areset forth by way 

when ionizing radiation crosses the FET channel producing 5 of illustration only and are not meant as limitations. Those 

free carriers in the channel, that can result in a spike in the skilled in the art will recognize that many variations are 

FET source-drain current. Latch-up occurs when ionizing possiblewithinthespiritandscopeoftheinventionas defined 

radiation passes t' «m h ^ _ >n between two comphmen- in the following claims, and their equivalents, in which all 

tarv FETs The 1 i i ices an unintended channel terms are to be understood in tlieir broadest possible sense 

between the FETs causing both FETs to turn on and maintain i<> unless otherwise indicated. 

Tie el 'iii Her the radiation event h nded _ . , . , . 

* , ,. . , , , . What is claimed is: 
ACNTFETcanbcradiatioi cd,i mccwith 1 . A linear carbon nanotubc field effect transistor compris- 
i I ol the invention. Due lo ttieir conhgurati 
and small size, theCNTFETarehighly resistantto total dose ,' ...u^,.^. 
effects and current transients. Additionally, the CNT FET 15 ^ l omce electrode- 
may be configured to minimize the risks associated with, for ^ drain electrode- ' 

example, total dice i i 1 i 1 1 em ' 1 '.' " , . , , , ,. 

rent transients and latch-up, that can occur in high-radiation a carbon "fotube, wherein the carbon nanotube forms a 

environments. In an embodiment, the substrate for the CNT channel ^en the source electrode and the dram elec- 

FET may be replaced with substrates that are less prone to 20 tr 

charge trapping. Such radiation hardened subsides include a gate dielectric, wherein the gate dielectric has ii dielectric 



GaAs, Sapphire, Si, SiO v , InP, GaN, A1N, SiC, and/or Dia- 



constant K that is greater than or equal to 1 5 for dielec- 



mond. These substrates may reduce or may eliminate trapped ^ics over 30 nm thick, a dielectric constant that is greater 

charge thus minin rue -he 1 ital h se , 1'h is Moreover, the thanorequalto7fordielectncsbetween3mnand30nni 

use ,1 m ill tin .bstrates in the O II i . m thickness, or a dielectric const tg, ter than or equal 

may even eliminate latch-up because the parasitic channels to 4 for Electrics under 3 nm thick; and 

required fur latch-up can only occur in semieonduetirm sub- ;| gate electrode separated In.m the carbon nanotube by the 

strates gate dielectric, w herein an input radio Irequeuey voltage 

In an embodiment, the gate dielectric of the CNT FET or is applied to the gale electrode 

substrate of the CNT FET may be replaced with a dielectric wherem the substrate comprises quartz, 

thatis less prone to charge trapping. Such radiation hardened }■ carbon nanotube field effect transistor of claim 1, 

te dielectrics inch, N 4 .« s. Si v i( UO x wherem the gate electrode is positioned not to overlap any 

and/or Ta 2 0 5 . These dielectrics can reduce or may eliminate P ort ' on of &e source or draul and f olms a top- 

trapped charge thus minimizing the total dose effects. gated geometry. 

... „„,,,„.,, , . , .. . , . 3- I he earhiin iianolnbe lield elleel Iransislur ol claim 1. 

• it V i ", " , m cm i ,1,. i , i 

""^K-dieleci, ,er,o immue he lot ,1 di llccMil 0le carbon nanotabe and the j t radio frequency voltage 

lhc ', 1 " ^™*h 'I '"' .el t , ,ve, may ]ied fo ^ e]ectode m ^ ^ fc . 

result m less charge being generated m the dielectric region ^ g between ^ ^ dm{a ^ 
than using thicker dielectric layers. For example, the dielec- 40 ^ )( j e 

trie hiver mav be in the range of 1 te 1 0 nm in thickness. In . . , ,. , , .... , , . , ,. , . 

... ,. ,. r , u „™ 4. The caib in ii nolnbe I Id 1 sistor of claim 1, 

.'klililion, the small si/.e conlii.Miralion nl Hie ( N I I'I'I may . . , , , , 

. . ^ j | - y j. | , | f £ wheremaDCvoltageisapphedbetweenthesourceelectrode 

s and latch u ' m ^ dlaul e ' ecfr °de and the input radio frequency voltage 

' " applied to the gate electrode produces an output radio fre- 

FIG. 9 illustrates an example of a fabrication process for a 45 acy cl]rrent that flows tnrollgh The channe i formed by the 

CNT FET 900 in accordance with an embodiment. As shown, carbon nanotube 

a CNT (or CN I s; 910 is deposited or grown on a substrate g The carbo n nanotube field effect transistor of claim 1, 

90S. I he substrate 9115 ma I p i n pan gal wherein one or belli of ll, Ira leelrode and the source 

hum arsenide silicone obi t , I iss beryllia tita electrode include ohmic contacts. 

mum oxide, ferrite, Teflon (a registered trademark of 50 6 . Th e earbon nanotube field effect transistor of claim 1, 

DuPont), ceramic, oranotl lypi I 4U t stral i metal an | ur ,her c uprising: 

tact layer 920 is deposited on a portion of the CNT 910 and g biag ^ wllereinthebias volta is app i ied between 

substrate 90S Hie metal , s e inbemadeof ^ draifl b and ^ ^ ^ ^ 

,'" 1111 ' ' , ,] ' Mcmm ■ ,1 phenens are ,c„ernled „, the channel 

, ' n.in.aluminun lon te carbon nanotube. 

able metals. A eatc dielectric 91> is deposited on the metal _ .... , , , ,. ,, . . „ . . , 

, . j„ ,,.,...„,., , I be carbon nanotube held elleel transistor ol claim I. 

contacts 920 and the (. N 1 910. as shown. I he irate dielectric , . . ....... , , ., 

n1 , . . . .. . ' ■ r , , . W'heiviii the tale dielectric is selected Irom a eroup compns- 

915 may also be deposited on a portion ol the substrate 905, .. . ~ _ „ _ „ £ 

* i i i ... inn it),. MO,. .A <) ZrO„ or BaSrTiO,. 

n i I i w] itedontl dielectric 915 above „ „ 2 ' , 2 ' » , ' , 2 , 5 ' 2 ' . , , 3 . , 
i portion oi the CNT910 ti 1 n, , , a the CNT FET, or 60 ^- The carbon nanombe field effect transistor of claim 1, 

above a portion of the contact metal 920 to form capacitors. A }*Jf' em ^ " lpUt radj ° fre 1 uenc y volta S e rall g es from 200 

wiring dielectric 930 is deposited above the contact metal zto z ' 

920. gale metal 925. and gate dielectric 9 15. A wiring metal . 9. A linear carbonnanotube field effect transistor compris- 

i 940 de| i I il l the i n liel c i >,7 0 n i in ln t 
contact the gate metal 925 and contact metal 920 through 65 a substrate; 

holes etched in the wiring dielectric 930 and gated dielectric a source electrode; 

915. FIG. 9 1 1 | that n be used to a drain electrode; 
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a carbon nanoiube. wherein the carbon nanotube forms a 
channel between the source electrode and the drain elec- 

a gate dielectric i k J'k c\ c has a dielectric 
constant K thai is greater than or equal to 15 for dieiec- 5 
tries < : v er 30 nm thick, a dielectric constant that is greater 
than or equal to 7 for dielectrics between 3 nm and 30 nm 
in thickness, or a dieleetrie constant grcalor than or equal 
to 4 for dielectrics under 3 nm thick; and 

a gate electrode separated from the carbon nanotubc by the l o 
gate dielectric, wherein an input radio frequency voltage 
•is applied to die gate electrode, 

wherein the substrate is selected from a group comprising 
sapphire. GaAs, SiC, high resistivity Si, alumina, poly- 
tetrafluroethylene, plastic, glass, beryllia, TiO,, ferrite 15 

10. A carbon nanotube field etTect transistor, comprising: 
a substrate; 

a source electrode; 
a drain electrode; 

a carbon nanotube, wherein the carbon nanotube forms a 
channel between the source electrode and the drain elec- 

a first gate dielectric, wherein the carbon nanotube is 2J 
deposited over a portion oi the gale dieleetrie; and 

a first gale electrode, wherein the gate dielectric is depos- 
ited over the first gate electrode, and tire first gate elec- 
trode is separated from the carbon nanotube by the gate 
dielectric; 30 

a seeoax! dielectric depositee or. the carbon nanotube; 

a second gate electrode, wherein the second gate electrode 
is deposited on the second gate dielectric and is sepa- 
rated from the carbon nanotube by the second gate 
dielectric, 35 

wherein ihe first gate electrode and tile second gate elec- 
trode are positioned not to overlap the source or drain 
electrodes. 

1 1. A carbon nanoiube field effect [ransislor, comprising: 

a substrate; 40 
a source electrode; 
a drain electrode; 

a carbon nanotube, wherein the carbon nanotube forms a 
channel between Ihe source electrode and the drain elec- 



a (irst gale dieleetrie, wherein the carbon nanotube is 
deposited over a portion of the gate dielectric; and 

a first gate electrode, w hoi in th . ectric is depos- 
ited over the first gate electrode, and the first gate elec- 
trode is separated from the carbon nanottihe by die gate 
dielectric; 

a second dielectric deposited on the carbon nanotube; 

a second gate electrode, wherein the second gate electrode 
is deposited on the second gate dielectric and is sepa- 
rated from the carbon nanotube by the second gate 
dielectric, 

wherein the lirst gate electrode is positioned not to overlap 
the source or drain electrodes. 

12. The carbon nanotube field el I eel transistor of claim 1 1. 
wherein an input radio frequency voltage is applied to one or 
both of the first gate electrode and the second gate electrode, 

13 . The carbon nanotube field effect transistor of claim 11, 
wherein the second gate electrode is positioned notto overlap 

14. A carbon nanotube field effect transistor, comprising: 

a source electrode; 
a drain electrode; 

a carbon nanotube, wherein the carbon nanotube forms a 
channel between the source electrode and Ihe drain elec- 

a lirst gate dielectric, wherein the carbon nanotube is 
deposited over a portion of the gate dielectric; and 

a first gate electrode, wherein the gate dielectric is depos- 
ited over the first gate electrode, and the first gate elec- 
trode is separated from the carbon nanotube by the gate 
dielectric; 

a second dielectric deposited on the carbon nanotube; 

a second gate electrode, wherein the second gale electrode 
is deposited on the second gate dielectric and is sepa- 
rated from the carbon nanotube by the second gate 
dielectric, 

wherein the first gate electrode and second gate electrode 
are coupled to surround a pe rt ion ol the carbon uanolube 
and are separated from the portion of the carbon nano- 
tube by the first and second gate dielectrics. 

15. The carbon nanotube field effect transistor of claim 14, 
wherein the first and second dielectrics comprise a single 
dielectric. 
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